The differential susceptibility of inbred mouse strains DBA/2J (susceptible) and C57BL/6J (resistant) to pulmonary tuberculosis following aerosol infection is under complex genetic control. In this report, transcriptional profiling with RNAs from Mycobacterium tuberculosis-infected lungs was used to investigate the physiological response, cell type, and biochemical pathways underlying differential susceptibility to infection. Statistical analysis of cDNA-based microarrays revealed that 1,097 transcripts showed statistically significant changes in abundance (changes of >1. Furthermore, the differential expression of additional genes known to be associated with fibrosis (Mmp2, Timp1, and Arg1) was also validated by these approaches. Overall, these results identify the differential fibrotic response as a pathological basis for the high susceptibility of DBA/2J mice to pulmonary tuberculosis.
Tuberculosis is caused by aerosol infection with the bacterial pathogen Mycobacterium tuberculosis. Although M. tuberculosis can infect and replicate in several organs, tuberculosis is almost exclusively a pulmonary disease. Tuberculosis still remains a global health problem of enormous proportions, with 32% of the world's population believed to be or have been infected (44) and with an estimated 8 million new cases of active disease per year (43) and 1 to 1.5 million deaths annually. Globally, migration of populations from countries where the disease is endemic, human immunodeficiency virus infection, poverty, unemployment, homelessness, overcrowding, and population aging contribute to the spread of tuberculosis in developed countries (30) . Moreover, the emergence of multidrug resistance also represents an increasing threat to tuberculosis control (48) .
Although the majority of people infected with M. tuberculosis remain asymptomatic, 5 to 10% of them have a lifetime risk of developing active disease. Genetic factors have long been thought to play a role in the onset, progression, and ultimate outcome of infection with M. tuberculosis (18) . These include epidemiological data pointing to sex (11, 32) and racial (39) differences in susceptibility, as well as the geographical distribution and familial aggregation of disease (2) . In addition, population studies in areas where the disease is endemic and during first-contact epidemics (24, 38) , together with studies of twins (6) , have clearly established a genetic component of susceptibility to tuberculosis in humans.
The complex genetic component of susceptibility to tuberculosis is inherently difficult to determine for humans but can be studied with mouse models of infection (see reference 25 for a recent review). In the mouse, M. tuberculosis introduced via aerosol is taken up by phagocytes but survives intracellularly by inhibiting phagolysosome fusion (33) ; dendritic cells migrate to peripheral lymph nodes to prime T cells, which then migrate to the lungs to initiate the formation of granulomas composed of macrophages, lymphocytes, and epithelial cells. Macrophages secrete interleukin-12 (IL-12) and IL-23 to activate a T-lymphocyte response (polarization of the Th1 phenotype). On the other hand, CD4
ϩ and CD8 ϩ T cells recognize bacterial antigens presented by phagocytes in association with class II and class I major histocompatibility complex molecules, respectively, and secrete type I cytokines, most importantly gamma interferon and tumor necrosis factor alpha, that result in macrophage activation. Activated macrophages produce a variety of bacteriostatic and bactericidal species, such as reactive oxygen radicals, nitric oxide, and iron chelators (lactoferrin), but also display increased maturation of M. tuberculosis phagosomes, including increased acidification, and delivery of lysosomal enzymes. T cells also produce perforin and granulysin, which contribute to microbicidal activity (reviewed in ref-erences 13 and 25) . Finally, there is active remodeling of the lung during pulmonary tuberculosis, including tissue fibrosis. Although this process remains poorly understood, it is an important determinant of the ultimate outcome of infection (survival or death).
The efficacy of the host response to pulmonary tuberculosis is under complex genetic control in the mouse, with a broad spectrum of disease severities observed among different strains. Genetic analyses have located a number of tuberculosis susceptibility loci (15, 17, 22, 23, 34, 35, 47) . Inbred strains have been classified as highly susceptible (CBA, C3H, DBA/2, and 129SvJ) or highly resistant (C57BL/6J and BALB/c) to intravenous or aerosol infection with M. tuberculosis (20, 21) . Differential pulmonary growth of M. tuberculosis in C57BL/6J and DBA/2J mice is associated with dramatic differences in histopathology starting at 3 to 4 weeks postinfection. In susceptible DBA/2J mice, there is unrestricted pulmonary microbial replication, a massive inflammatory response in situ, and early death, with a mean survival time (MST) of 110 days. Resistant C57BL/6J mice can control the infection, but they ultimately succumb, with an MST of 245 days (21) . Similar results were also obtained by intravenous infection (1 ϫ 10 5 CFU) of DBA/2J (MST of 105 days) and C57BL/6J (MST of 240 days) mice (22) . Mapping studies by whole-genome scanning of informative [C57BL/6J ϫ DBA/2J] F 2 mice, using survival time and pulmonary microbial load as phenotypic markers of susceptibility (22, 23) , detected four loci (Trl1 to Trl4) that regulate the extent of pulmonary replication of M. tuberculosis and/or survival following infection. A strong genetic interaction was detected between Trl3 and Trl4, with two-locus linkage analysis yielding a logarithm of odds of 10.09, explaining 38% of the variation in raw CFU. Remarkably, F 2 mice homozygous for C57BL/6J alleles at both Trl3 and Trl4 were as resistant as C57BL/6J parents, whereas mice homozygous for DBA/2J alleles were as susceptible as DBA/2J parents (23) .
For the present report, we investigated the cellular and molecular bases of the differential susceptibility to infection with M. tuberculosis of C57BL/6J and DBA/2J mice. We used RNAs isolated from the lungs of control and M. tuberculosis-infected mice to conduct transcript profiling studies, with the aim of identifying genes and pathways differentially regulated in response to M. tuberculosis in genetically resistant and susceptible mice. Expression differences were validated by reverse transcriptase PCR (RT-PCR) and by examining additional gene and protein members of identified pathways. Our results suggest that susceptible mice develop an enhanced tissue remodeling response, leading to lung fibrosis, compared to that of the resistant strain.
MATERIALS AND METHODS
Animals. Inbred, pathogen-free C57BL/6J and DBA/2J male mice were purchased from the Trudeau Institute Animal Breeding Facility. All mice were housed under standard laboratory conditions and were free of common viral pathogens according to the results of routine testing performed by the Research Animal Diagnostic and Investigative Laboratory, University of Missouri (Columbia, MO). Mice of between 8 and 10 weeks of age were used for infection.
Infection with M. tuberculosis. M. tuberculosis strain H37Rv was obtained from the Trudeau Mycobacterial Culture Collection as a frozen (Ϫ70°C) log-phase stock dispersed in Proskauer and Beck medium (Difco) containing 0.01% Tween 80. For the experiment, a vial was thawed, subjected to 5 s of ultrasound to break up aggregates, and diluted appropriately in phosphate-buffered saline containing 0.01% Tween 80. Mice were inoculated with 10 2 CFU by the aerosol route in a Middlebrook airborne infection apparatus (Tri Instruments, Jamaica, NY). Bacilli in the lungs of infected mice at 90 days postinfection were enumerated by preparing lung homogenates in phosphate-buffered saline containing 0.05% Tween 80 and by plating 10-fold serial dilutions of the homogenates on enriched agar (Middlebrook 7H11; Difco). CFU counts were performed after 3 to 4 weeks of incubation at 37°C, and the data are presented as log 10 total CFU count per lung.
Histology. Lungs were fixed by intratracheal infusion in 10% formaldehyde followed by immersion of the lungs in this fixative for 24 h at room temperature. After being washed, the lungs were dehydrated in 70% and 100% ethanol and embedded in wax according to standard procedures. Sections of 6 m in thickness were cut with a rotary microtome, and after being dewaxed, the sections were stained for acid-fast bacteria by use of a modified basic fuchsin stain (9) and were counterstained with methylene blue. Photomicrographs were taken with a Nikon Microphot-Fx microscope fitted with a Spot RT Slider camera (Diagnostic Instruments, Sterling Heights, MI) using Spot RT software for image acquisition.
Transcriptional profiling studies. Uninfected control and M. tuberculosisinfected C57BL/6J and DBA/2J mice were sacrificed; their lungs were harvested and rapidly homogenized in TRI reagent (Sigma), using a Polytron device. Total RNA was extracted according to the manufacturer's recommendations, and the integrity of the RNA was verified by electrophoresis on a 1% agarose gel containing formaldehyde. For cDNA labeling, 20 g of total RNA was converted into cDNA by using RT (Super Script II; Invitrogen) and either Cy5-or Cy3-labeled dCTP (1 mM; Perkin-Elmer-Cetus/NEN) in a reaction mixture containing 1.5 l oligo(dT) (100 pmol l Ϫ1 ), 3 l dNTP-dCTP (6.67 mM [each]), 1 l dCTP (2 mM), 4 l dithiothreitol (100 mM), and 8 l 5ϫ RT buffer (Invitrogen). The reactions were carried out at 42°C for 3 h, and the RNA was then degraded by the addition of 0.5 l RNase A (1 g l Ϫ1 ) and 1.5 l RNase H (5 units l Ϫ1 ). Labeled cDNA was separated from unincorporated nucleotides and further concentrated by evaporation under vacuum. Labeled cDNA was then used to hybridize mouse 15k v.3 cDNA spotted arrays, purchased from the UHN Microarray Facility (http://www.microarrays.ca), containing 15,250 expressed sequence tags (NIA clone set) spotted in duplicate. Briefly, the arrays were prehybridized for 1 to 2 h with DIGEasy hybridization buffer (Roche) containing 10 g ml Ϫ1 denatured salmon sperm DNA and 10 g ml Ϫ1 yeast tRNA. Cy5-and Cy3-labeled cDNAs were combined and hybridized in the same medium and incubated with the arrays for 16 to 18 h at 37°C. Finally, the arrays were washed three times for 10 min each with 0.1ϫ saline sodium citrate (SSC; 20ϫ SSC is 3 M sodium chloride, 0.3 M sodium citrate, pH 7.0) and 0.1% sodium dodecyl sulfate (SDS) at 50°C and four times for 3 min each with 0.1ϫ SSC at room temperature and then dried by centrifugation under vacuum. Slides were then scanned, digitized images were acquired using a ScanArray 5000 instrument (Perkin-Elmer), and the intensities of individual spots from 16-bit TIFF images were quantified using the QuantArray software package (Perkin-Elmer).
Microarray data analysis. Raw data generated by QuantArray (Perkin-Elmer) were normalized using the GeneSpring (version 6.1.1) software package (Silicon Genetics), using the Lowess scatter smoothing algorithm. Analysis consisted of six dye-swap hybridizations for each experimental group (uninfected C57BL/6J versus uninfected DBA/2J mice, infected C57BL/6J versus infected DBA/2J mice, infected C57BL/6J versus uninfected C57BL/6J mice, and infected DBA/2J versus uninfected DBA/2J mice). Lungs from individual mice were used for each biological replicate (six per group). Genes with significant changes in transcript abundance were first selected with a t test and a Benjamini and Hochberg false discovery rate (FDR) below 0.05%. To further reduce the number of genes in the lists, we also applied different cutoffs (1.5-or 2-fold change).
Semiquantitative RT-PCR. RNA samples (three of six per experimental group) used for transcriptional profiling were pooled together; 3 g was reverse transcribed (Moloney murine leukemia virus RT; Invitrogen) in 20 l, and 1 l (5% of the first-strand reaction) was used for PCR. PCR amplification with Taq DNA polymerase (Invitrogen) included an initial denaturation step (3 min at 94°C) followed by 16 to 26 cycles (30 s at 94°C, 30 s at 55°C, and 1 min at 72°C) and a final elongation step (7 min at 72°C). A large range of PCR cycles was used to determine the exponential phase of amplification, allowing for semiquantitative analysis of each reaction. Amplicons (ranging from 277 to 500 bp) were resolved in 1% agarose gels and transferred to GeneScreenPlus membranes (Dupont, NEN Research Products). PCR primers were designed according to the reported gene sequences. The Gapdh gene was used as a constitutively expressed control gene to verify the mRNA levels of target genes. After transfer, DNA was UV cross-linked and prehybridized for at least 4 h at 65°C in a solution of 10% dextran sulfate, 1% SDS, and 1 M NaCl with 200 g ml Ϫ1 of salmon sperm DNA. Hybridization was then performed overnight at 65°C with an [␣-
32 P]dATP-labeled specific DNA fragment (100,000 cpm/ml of buffer) previ- ously amplified for each target gene. After incubation, the membrane was washed two times with 2ϫ SSC-0.1% SDS (15 min per wash, 42°C), once with 2ϫ SSC-0.5% SDS (30 min, 65°C), and once with 0.5ϫ SSC-0.5% SDS (30 min, 65°C). The intensities of the radioactive signals on the membranes were acquired using a phosphorimager (FX molecular imager) and quantified using Quantity One software (Bio-Rad).
RESULTS
Different replication of M. tuberculosis in the lungs of C57BL/6J and DBA/2J mice. C57BL/6J and DBA/2J mice were infected by the aerosol route with 10 2 CFU of the highly virulent human strain M. tuberculosis H37Rv. Ninety days later, the lungs were harvested and the number of viable bacilli (CFU) was determined (Fig. 1A) . In this representative experiment, a 100-fold difference was observed in CFU counts recovered from C57BL/6J and DBA/2J mice (Fig. 1A) . Visual examination of the lungs at the time of sacrifice revealed obvious differences, with the infected DBA/2J lungs appearing larger, with larger and much more diffuse lesions than those seen in resistant C57BL/6J lungs (Fig. 1B) . Further histological examination confirmed the larger number and more diffuse aspects of lesions throughout the DBA/2J lungs, with a greater proportion of the lung tissue affected than that for C57BL/6J lungs. Each lesion was seen as an area of exudative, necrotic alveolitis in which contiguous air sacs were swollen and filled with degenerating neutrophils replete with acid-fast bacilli (Fig. 1C) . In contrast, the histological appearance of C57BL/6J lungs was strikingly different, with small lesions that consisted of areas of alveolitis populated predominantly by macrophages and lymphocytes and associated with large aggregates of lymphoid cells. Moreover, even if some of the macrophages contained acid-fast bacilli, the lesions contained relatively few bacilli (Fig. 1C) .
Transcriptional profiling of C57BL/6J and DBA/2J mice. To gain insight into the host cell types and cellular and molecular pathways possibly involved in the differential permissiveness of the C57BL/6J and DBA/2J lungs to replication of M. tuberculosis, we used transcript profiling with cDNA microarrays to detect changes in lung transcript abundance in resistant (C57BL/6J) and susceptible (DBA/2J) mice following a 90-day M. tuberculosis aerosol challenge. We compared transcript profiles between C57BL/6J and DBA/2J mice either prior to (day 0) or 90 days following M. tuberculosis infection. In addition, gene expression on day 90 was compared to that on day 0 (day 90 versus day 0) for each strain to establish a strain-specific ratio. This ratio was then used for interstrain comparison. The average expression ratios for all experimental groups ( Fig. 2A) were obtained from six independent pairwise hybridizations (total of 24 microarrays). In order to verify the quality of our data set and to visualize similarities between experimental groups (pairwise hybridizations), we used principal component analysis (PCA). As illustrated in Fig. 2B , clustering by PCA divided the experiment into four clearly nonoverlapping groups, indicating homogeneity of the data within each group, with no significant outliers. PCA also showed a greater similarity of the day 90 versus day 0 comparisons for both strains (arbitrarily coded in yellow and green), whereas greater overall differences were seen for interstrain comparisons at each time point (coded in red and blue).
A total of 1,097 transcripts showed statistically significant changes in abundance (t test P value, Ͻ0.05; change, Ն1.5-fold) in at least one of the four experimental groups (multiple testing correction; Benjamini and Hochsberg FDR, 0.05%). A two-dimensional hierarchical clustering was used to organize and visualize the profiles of these transcripts for each pair of hybridizations in the four comparative experimental groups (Fig. 2C, x axis) . In agreement with the PCA results ( Fig. 2B ), this clustering analysis showed a high degree of homogeneity between individual hybridizations in each experimental group, indicative of a robust and reproducible data set. In this analysis, few interstrain differences were noted in transcript profiles obtained from lungs of uninfected animals (C57BL/6J versus DBA/2J mice; t ϭ 0), suggesting only a modest effect of genetic background on baseline pulmonary gene expression. In contrast, infection with M. tuberculosis resulted in a dramatic change in lung transcript profiles at 90 days for both C57BL/6J and DBA/2J mice. Transcript responses appeared similar for both experimental groups (C57BL/6J mice, day 90 versus day 0; DBA/2J mice, day 90 versus day 0) (Fig. 2C) , raising the on August 15, 2017 by guest http://iai.asm.org/ possibility that differences in expression of only a small number of genes/transcripts may account for the differential susceptibility to tuberculosis of C57BL/6J and DBA/2J mice. Despite extensive similarity in transcript profiles detected for the two strains following infection, we detected four clusters of transcripts (identified as clusters A, B, C, and D in Fig.  2C ) that were differentially expressed in C57BL/6J and DBA/2J mice following infection. These four clusters were initially identified by comparing lists of intrastrain transcripts modulated by infection (C57BL/6J mice [day 90 versus day 0] versus DBA/2J mice [day 90 versus day 0]) and were further validated by interstrain comparison of day 90 transcript profiles (C57BL/6J mice on day 90 versus DBA/2J mice on day 90). Cluster A transcripts (n ϭ 349) were substantially more up-regulated in DBA/2J mice than in C57BL/6J mice in response to infection (detected as less expression by direct comparison of C57BL/6J versus DBA/2J mice at day 90). Conversely, cluster B transcripts (n ϭ 58) were more up-regulated in C57BL/6J mice than in DBA/2J mice (confirmed by direct comparison of C57BL/6J versus DBA/2J mice at day 90). Cluster C transcripts (n ϭ 213) were more down-regulated in DBA/2J mice than in C57BL/6J mice, while cluster D transcripts (n ϭ 24) were more down-regulated in C57BL/6J mice than in DBA/2J mice. Clusters A, B, C, and D contained 84, 39, 131, and 15 known genes, respectively (data not shown). Gene ontology studies on these known genes separated cluster A transcripts into five categories, including RNA binding, proteinase inhibitors, transport, regulation of metabolism, and response to a biotic stimulus (Table 1) . Cluster B was composed of ribosomal proteins and genes associated with a response to stimuli (Table 1) . Transcripts in cluster C had a biased representation with respect to proteins involved in cell adhesion, extracellular matrix, actin binding, and receptors (Table 2) . Finally, the majority of transcripts in cluster D were genes involved in extracellular matrix remodeling, such as Lamc1, Sparc, and several procollagen genes ( Table 2) .
To further increase the stringency, we raised the cutoff from a Ն1.5-fold change in expression level to a Ն2.0-fold change. In this analysis, expression on day 90 was compared to that on day 0 for the same group and used for interstrain comparison (C57BL/6J mice [day 90 versus day 0] versus DBA/2J mice [day 90 versus day 0]) ( Fig. 3A) , reducing the number of experimental groups from four to two. This analysis led to the identification of 251 differentially expressed transcripts in response to infection (with an FDR of Ͻ0.05%); 98 of them were in common for C57BL/6J and DBA/2J mice, a Genes with significant changes in transcript abundance (Ն1.5-fold change) in at least one of the four experimental groups, selected by a t test and by having a Benjamini and Hochberg FDR of Ͻ0.05%. *, genes with significant changes in transcript abundance (Ն1.5-fold change), selected by a t test and by having a Benjamini and Hochberg FDR of Ͻ0.05%. Genes with significant changes in transcript abundance (Ն2-fold change) in at least one of the last two experimental groups are shown in bold. whereas 24 were specific to C57BL/6J mice and 129 were specific to DBA/2J mice, respectively (Fig. 3B) . We focused the rest of our analysis on these subsets of differentially expressed transcripts.
Altered fibrotic response in susceptible mice. Of the 24 transcripts modulated in C57BL/6J mice, nine were downregulated (Table 3) , and eight of those (encoding Fn1, Sparc, Col1a1, Col1a2, Col2a1, Col3a1, Col4a1, and Col4a2) were linked to the fibrotic response. These were previously detected as cluster D in Fig. 2C and Table 2 . A semiquantitative RT-PCR approach was used to further validate the differential expression of fibrotic response genes detected in M. tuberculosis-infected lungs from C57BL/6J and DBA/2J mice at day 90 (Fig. 4A) . In these experiments, Gapdh levels were not mod- a Genes with significant changes in transcript abundance (Ն1.5-fold change) in at least one of the four experimental groups, selected by a t test and by having a Benjamini and Hochberg FDR of Ͻ0.05%. *, genes with significant changes in transcript abundance (Ն1.5-fold change), selected by a t test and by having a Benjamini and Hochberg FDR of Ͻ0.05%. Genes with significant changes in transcript abundance (Ն2-fold change) in at least one of the last two experimental groups are shown in bold.
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on August 15, 2017 by guest http://iai.asm.org/ ulated in response to infection and were used as an internal control for normalization ( Fig. 4B and C) . This RT-PCR analysis validated five of the seven genes tested (encoding Sparc, Col1a1, Col1a2, Col4a1, and Col4a2), confirming the initial microarray data.
To further validate possible differences in the fibrotic response in infected lungs of C57BL/6J and DBA/2J mice, we also investigated the expression of genes known to be part of the fibrotic response (Mmp2, Timp1, and Arg1) (45) but not present on the 15K chips used in our study, using RT-PCR (Fig. 5) . Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinase (TIMPs) are key enzymes that regulate tissue remodeling through turnover of the extracellular matrix under both normal and pathological conditions (7) . We evaluated the expression of Mmp2 (MMP2/gelatinase A) (Fig.  5B) . MMP2 is synthesized by fibroblasts and endothelial and epithelial cells and may be associated with chronically impaired tissue remodeling, leading to abnormal collagen deposition and possible pulmonary fibrosis (46) . While the level of Mmp2 transcript remained unchanged in the lungs of C57BL/6J mice at 90 days postinfection, there was a marked and significant down-regulation of this transcript in infected DBA/2J mice (Fig. 5C ). On the other hand, expression of Timp1 (10, 16), a natural inhibitor of MMPs, was up-regulated in both strains, but at a lower level in C57BL/6J mice (Fig. 5C ). The noted Mmp2/Timp1 imbalance suggests a more prominent fibrotic response in the susceptible DBA/2J strain in response to M. tuberculosis infection than that in resistant C57BL/6J mice (Fig. 5C) . The balance between Th1 and Th2 polarization has been shown to be an important determinant of the fibrotic response (45) . Nos2 (nitric oxide synthase 2) is an important enzyme produced by macrophages in response to gamma interferon secretion and is a marker of Th1 polarization of the immune response. On the other hand, Arg1 (arginase 1) accelerates the development of fibrosis and is associated with a Th2 response and secretion of IL-13, IL-4, and transforming growth factor beta (45) (Fig. 5A) . Consequently, the expression of Arg1 was measured in the lungs of C57BL/6J and DBA/2J mice infected with M. tuberculosis. Although no modulation of Arg1 was observed for C57BL/6J mice in response to infection, a highly significant increase was detected in DBA/2J mice (Fig. 5C ). Altogether, these results are in agreement with the proposal that an increased fibrotic response in response to M. tuberculosis infection is associated with susceptibility in DBA/2J mice.
Finally, we conducted a second aerosol infection of DBA/2J and C57BL/6J mice and collected lungs at day 30 (early time point) and day 70 (late time point) postinfection. While no significant difference in CFU counts was detected between C57BL/6J (6.69 log 10 ) and DBA/2J (6.83 log 10 ) mice on day 30, an ϳ1.2-log difference (6.71 log 10 for C57BL/6J mice and 7.88 log 10 for DBA/2J mice) was observed on day 70 (unpublished data). RNAs were prepared from these tissues and used to generate transcript profiles with an Affymetrix platform. The results shown in Fig. S1 and S2 in the supplemental material validate those obtained with the cDNA arrays and demonstrate that Fn1, Sparc, Col1a1, Col1a2, Col3a1, Col4a1, and Col4a2 as well as Mmp2, Timp1, and Arg1 (evaluated by RT-PCR) are indeed differentially regulated in response to infection in susceptible DBA/2J and resistant C57BL/6J mice. Moreover, these results show that differences in expression of fibrotic response-associated genes are detectable at both early (day 30) and late (day 70) time points during infection. Although these differences were already detectable at day 30, they were considerably more pronounced at day 70, which correlates well with the fact that there is more tissue damage at late time points.
DISCUSSION
Replication of M. tuberculosis in the lungs of innately resistant (C57BL/6J) and susceptible (DBA/2J) inbred strains follows a biphasic course. Following aerosol infection (2 ϫ 10 2 CFU), M. tuberculosis initially (1 to 3 weeks) replicates rapidly in the lungs of both C57BL/6J and DBA/2J mice. The infection is subsequently (4 weeks to 5 months) held stationary in C57BL/6J mice, while there is continuing microbial replication in the lungs of DBA/2J mice (23), which is accompanied by a strong inflammatory response and premature death. On the other hand, reduced bacterial replication in resistant mice is associated with proficient granuloma formation, less severe tissue injury, and increased survival (4). The genetic difference between C57BL/6J and DBA/2J mice is expressed phenotypically almost exclusively in the lung, as both strains can contain the infection in the spleen and liver. The genetic control of this differential susceptibility has been investigated in a series of genome scans performed with [C57BL/6J ϫ DBA/2J] F 2 mice infected by the intravenous or aerosol route, using time of survival and pulmonary bacterial replication as phenotypic markers of susceptibility (22, 23) . These studies have revealed a complex genetic control, with at least four Trl genetic loci, detected on chromosomes 1 (Trl1), 3 (Trl2), 7 (Trl3), and 19 (Trl4) (22, 23) .
To initiate the search for cell populations, physiological responses, and biochemical pathways that may underlie the differential permissiveness of DBA/2J and C57BL/6J mice to pulmonary replication of M. tuberculosis late during infection, we used transcript profiling with microarrays to identify genes and gene clusters differentially expressed in infected organs of both strains. In this analysis, we used two types of evaluations, i.e., intrastrain evaluation, comparing day 0 to day 90 transcript profiles, and interstrain evaluation, comparing day 0 and day 90 profiles independently. We additionally used two levels of stringency to identify differentially expressed genes, corresponding to either Ն1.5-fold or Ն2-fold changes between the different experimental groups. These two analyses identified the fibrotic response as a key physiological pathway which is differentially regulated in the lungs of the two strains in response to M. tuberculosis infection. Tissue fibrosis is characterized by the accumulation of excess insoluble collagen fibers, which causes a loss of elasticity, tissue "hardening," and ultimately organ failure and death. Irradiation and experimental administration of drugs and particles can simulate fibroproliferation and induce pulmonary fibrosis in a variety of animal species (reviewed in reference 5). Repair of damaged tissues is a vital biological process that allows the replacement of dead or injured cells. This repair process involves a regenerative phase, in which injured cells are replaced by cells of the same type and there is no lasting evidence of damage, and a phase known as fibrosis, in which connective tissue replaces normal parenchymal tissue (45) . Generally, both stages are required to slow or reverse the damage generated by an injurious agent. However, although initially beneficial, this healing process can become pathogenic if it continues unchecked, leading to substantial tissue remodeling and the formation of permanent scar tissue (45) .
Our conclusion of a differentially regulated fibrotic response as a key determinant of genetically controlled susceptibility and resistance to pulmonary replication of M. tuberculosis in C57BL/6J and DBA/2J mice was based on the observation that a cluster of genes associated with the fibrotic response, namely, Sparc, Col1a1, Col1a2, Col4a1, and Col4a2 (cluster D), were more down-regulated in C57BL/6J mice than in DBA/2J animals on day 90. These differences were also validated by direct RT-PCR measurements. Moreover, we also noted a higher Mmp2-to-Timp1 ratio imbalance in susceptible DBA/2J versus resistant C57BL/6J mice. Finally, in additional experiments we observed a similar difference in expression of mRNAs for Timp1, Mmp2, and Arg1 on days 30 and 70 postinfection (see Fig. S1 and S2 in the supplemental material), suggesting that the differences in fibrotic responses to M. tuberculosis in these two strains appear fairly early in infection. An imbalance in MMP/TIMP ratios is a critical marker of the fibrogenic process. It has been proposed that a nondegrading microenvironment (increased TIMP1 levels) induces fibrogenicity (14, 36, 37) . Examples of conditions/treatments known to increase TIMP1 expression in the lungs include bleomycin administration to mice (14, 19) and rabbits (46) and idiopathic pulmonary fibrosis in humans (37) . More generally, MMPs and TIMPs have been implicated not only in normal lung development but also in a number of pulmonary inflammatory disorders, including asthma (41), emphysema (3, 29) , acute lung injury (27) , acute respiratory distress syndrome (31) , and pulmonary fibrosis (28) . Importantly, studies with MMP9-deficient mice have suggested that early MMP activity is an essential component of resistance to pulmonary mycobacterial infection and that MMP-9, specifically, is required for recruitment of macrophages and tissue remodeling to allow for the formation of tight, well-organized granulomas, a process that seems deficient in M. tuberculosis-infected susceptible DBA/2J mice (40) . In the Th1/Th2 polarization scheme in response to infectious agents, Arg1 (arginase 1) accelerates the development of fibrosis and is usually associated with a Th2 response and secretion of IL-13, IL-4, and transforming growth factor beta (45) (Fig. 5A) . Although the marked enhanced expression of Arg1 seen in DBA/2J lungs in response to M. tuberculosis infection may be viewed as Th2 polarization in this strain, we do not believe this is the case. Previous studies from our group (unpublished data), using the C57BL/6J and DBA/2J mouse models of tuberculosis, failed to identify a major difference (by RNA expression or by serological measurements) between expression of type 1 and type 2 cytokines in the two strains. Therefore, although it is difficult to completely exclude a role for such cytokines in Arg1 expression, we propose that the higher expression of Arg1 in DBA/2J lungs is probably a result of the higher production of Timp1.
Furthermore, several fibrotic response-associated differentially expressed genes (Col1a1, Col1a2, Col3a1, fibronectin, and Timp1) noted in our study of pulmonary infection with M. tuberculosis are similar to those identified in a murine model of bleomycin-induced pulmonary fibrosis (12) . In this model, bleomycin initially induces lung inflammation, followed by a progressive destruction of the normal lung architecture (1, 8) . Histological analysis of M. tuberculosis-infected lungs from DBA/2J mice showed lesions filled with degenerating neutrophils replete with acid-fast bacilli, whereas C57BL/6J lesions contained mostly mononuclear cells (monocytes, lymphocytes, and macrophages) and relatively few bacilli. The predominance of neutrophils in the cellular response to infection in susceptible DBA/2J mice is also in agreement with the hypothesis of increased lung fibrosis (42) . The similarities detected in these two experimental mouse models suggest the possibility that M. tuberculosis induces severe lung injury similar to that induced by high doses of bleomycin. Together, our data suggest that susceptible mice seem to develop altered tissue remodeling, leading to lung fibrosis following long-term exposure to M. tuberculosis challenge, compared to that of resistant mice. Based on our observations, we cannot exclude the possibility that intrinsic gene expression profile differences are important determinants of tuberculosis pathogenesis in mice and could contribute to differential resistance and susceptibility to M. tuberculosis infection, as recently suggested (26) . Studies with informative [C57BL/6J ϫ DBA/2J] F 2 mice showed that the genetic control of differential susceptibility of C57BL/6J and DBA/2J mice (extent of pulmonary replication and survival time) is complex, with four major Trl loci involved. It is not known which Trl locus or loci determine distinct fibrotic responses in C57BL/6J versus DBA/2J mice and whether this locus or loci act alone or through additive or epistatic interactions. These questions will be resolved with congenic mouse lines where individual chromosomal segments overlapping each Trl locus and donated by one strain are transferred to the genetic background of the other strain. We have started the derivation of independent mouse lines congenic for the Trl3 (chromosome 7; affects both microbial replication and time of survival) and Trl4 (chromosome 19; strongest logarithm-of-odds score in genetic studies) loci and have observed in preliminary experiments an effect of both loci on M. tuberculosis replication (J. and Timp1 was quantitated as described in the legend to Fig. 4 (B) , and ratios of expression were calculated based on results obtained following 22 (Mmp2 and Timp1) and 24 (Arg1) PCR cycles (C). Gapdh was used to standardize the mRNA levels of the target genes (Fig. 4B) . A ratio of expression with a relative unit of 1 indicates no gene modulation. 
